Co-transplantation of hematopoietic stem cells with those engineered to express leukemia-reactive T-cell receptors (TCRs) and differentiated ex vivo into precursor T cells (preTs) may reduce the risk of leukemia relapse. As expression of potentially self-(leukemia-) reactive TCRs will lead to negative selection or provoke autoimmunity upon thymic maturation, we investigated a novel concept whereby TCR expression set under the control of an inducible promoter would allow timely controlled TCR expression. After in vivo maturation and gene induction, preTs developed potent anti-leukemia effects. Engineered preTs provided protection even after repeated leukemia challenges by giving rise to effector and central memory cells. Importantly, adoptive transfer of TCRtransduced allogeneic preTs mediated anti-leukemia effect without evoking graft-versus-host disease (GVHD). Earlier transgene induction forced CD8 + T-cell development was required to obtain a mature T-cell subset of targeted specificity, allowed engineered T cells to efficiently pass positive selection and abrogated the endogenous T-cell repertoire. Later induction favored CD4 differentiation and failed to produce a leukemia-reactive population emphasizing the dominant role of positive selection. Taken together, we provide new functional insights for the employment of TCR-engineered precursor cells as a controllable immunotherapeutic modality with significant anti-leukemia activity.
INTRODUCTION
Despite advances, several obstacles are remaining when considering the application of mature T-cell transfer for the treatment of acute leukemias: 1 (i) the challenge of obtaining sufficient numbers of mature T cells in patients receiving intensive chemotherapy; (ii) poor in vivo persistence of transferred T cells and (iii) the time and cost to manufacture the required cell product on an individualized basis.
More recently Notch-based in vitro culture systems have been developed allowing the generation of precursor T cells (preTs). 2, 3 Upon co-transfer, preTs undergo final maturation in the recipient's thymus and give rise to a naïve and fully functional T-cell population. Preclinical data have shown that preTs of major histocompatibility complex (MHC)-mismatched third party donors can be used. 4 As preTs are still subject to thymic maturation, they develop into fully functional T cells in vivo being tolerant to both donor and recipient. 5 The anti-tumor effects of preTs can be improved by genetically enforced expression of chimeric antigen receptors. 6 However, their antigen recognition pattern contains a target cell surface antibodybinding domain while many attractive leukemia-specific antigens 7 represent intracellularly processed antigens that are generally difficult to target by chimeric antigen receptors. 8, 9 Although very recent developments may allow the design of chimeric antigen receptors recognizing selected peptides in their MHC pocket, 10 the introduction of T-cell receptors (TCRs) has been classically used to target both intracellular antigens and cell surface-bound antigens. [11] [12] [13] [14] Nevertheless, in vivo maturation of co-transplanted preTs still undergoing selection processes in the thymus represents a major obstacle for using TCR-engineered preTs. This problem has reached high clinical relevance not only for adoptive transfer of receptor-engineered preTs, but also for envisioned clinical trials aiming to co-transplant stem cells as a T-cell source.
Here, we evaluated the novel concept of engineering preTs with a leukemia-reactive TCR whose expression can be controlled by an antibiotic-inducible promoter. We show that the co-transfer of engineered preTs gives rise to mature T cells that display specific antigen recognition upon induction in leukemia-bearing mice. After antigen exposure, effector memory and central memory populations are generated. We further show that early induction of the TCR is a prerequisite for the development of a mature T-cell population with defined TCR specificity by favoring the differentiation into CD8 + T cells and allowing a leukemia-reactive T-cell subset to escape negative selection. Here, putting an introduced therapeutic gene under the control of an inducible promoter allows important functional and kinetic insights for further translational development of cellular products for clinical use.
MATERIALS AND METHODS Mice
Germany). Transgenic DsRed (H-2 b ), 15 B6.PL-Thy1 a /CyJ (Thy1.1, H-2 b ) and OT-I (H-2 b ) 16 mice were obtained from the Jackson laboratory (Bar Harbor, ME, USA). B10.A (H-2 a ) mice were purchased from Taconic laboratories (Ry, Denmark). R26-M2rtTA (B6-Rosa, express a reverse tetracyclinecontrolled transactivator protein, H-2 b ) and Rip-OVA hi (express a secreted form of ovalbumin (OVA)) mice were kindly provided by Andreas Krüger and Reinhold Förster (Hannover, Germany). R26-M2rtTA mice were backcrossed onto B10.A mice to create an allogeneic B10.A-R26-M2rtTA (B10.A-Rosa) background. For TCR induction, doxycycline (1 mg/ml) was added to the drinking water Hematopoietic cell transplantation (HCT) B6 recipients received total body irradiation of 10.5 Gy from a linear accelerator. After 24 h, bone marrow (BM) was reconstituted with 3 × 10 6 syngeneic T-cell-depleted BM cells (TCDBM). 17 
Lentiviral constructs, cell lines and murine cell transduction
Encoding sequences of the OVA-reactive, CD8 OT-I TCR were derived from a construct described earlier. 18 This gene was codon-optimized and set under the control of a Tetracycline-inducible (Tet-On) promoter. 19 For achieving higher viral titers, the hPGK promoter and the M2 cassette were deleted from the original construct.
C1498-OVA is a myeloid leukemia cell line (H-2 b , B6) expressing the experimental surrogate antigen OVA as described previously 20 and was injected at a dose of 1.2 × 10 6 cells via the lateral tail vein to induce 100% lethality. 293T-cells, the viral plasmids encoding for, pMD.G, pRSV.Rev, pcDNA3.GP.4 × CTE (PlasmidFactory, Bielefeld, Germany), and the Calcium Phosphate Transfection Kit (Sigma-Aldrich, Taufkirchen, Germany) were used for the generation of lentiviral supernatant. A TCR-negative hybridoma cell line, 58α − β − , was used for viral titer determination after transduction with the Tet-responsive transactivator variant M2.
To isolate murine hematopoietic stem and progenitor cells, the lineagenegative, Sca-1-and c-kit-positive (LSK) population was sorted using a FACSAria cell sorter (BD Biosciences, Heidelberg, Germany). LSK cells were then cultured and transduced in the presence of mSCF (10-50 ng/ml), TPO (20-50 ng/ml), IGFII (20 ng/ml) and FGFI (10 ng/ml) (Pepro Tech, Heidelberg, Germany). To generate preTs, TCR-transduced LSK cells were transferred onto T-cell development-supporting murine stromal cells OP-9, expressing the notch ligand, delta-like ligand 1 (OP9-DL1) monolayer cells, 3 and supplemented with FLT3-L (5 ng/ml), IL-7 (5 ng/ml) (Pepro Tech), L-glutamine, and antibiotics. After 24-28 days of co-culture, preTs were harvested and injected intravenously together with the TCDBM graft. Unless otherwise specified, 8 × 10 6 preTs per mouse were used.
Flow cytometry
The following Fluorochrome-conjugated antibodies were purchased from eBiosciences (Frankfurt, Germany) or Biolegend (San Diego, CA, USA): CD3ε-(PerCP/Cy5.5), CD4-(PE/APC/Brilliant Violet 421/Brilliant Violet 570), CD8α-(PE/APC/APCH7/Brilliant Violet 421/Brilliant Violet 570), CD25-(PE/APC), CD44-(PE/APC), B220-(PE/ APCCy7), CD62L-PE, CD11c-APC, IFNγ-PE, Vα2-(APC/PerCP/Cy5.5), Vβ2-PE, Vβ3-PE, Vβ4-PE, Vβ5-PE, Vβ8.1-PE, PD1-PE, c-kit-APC, Sca-1-PE and lineage markers (all in FITC). Flow cytometry was performed using a FACSCanto or LSR-II (BD Biosciences). Data were analyzed with FlowJo software (TreeStar, Ashland, OR, USA).
Assessment of GVHD
GVHD was clinically assessed in a blinded manner. The scoring system was based on skin integrity, fur texture, activity, posture and weight loss. 21 For pathologic assessment, GVHD target organs were fixed in 3.9% formalin, and paraffin-embedded sections were stained with hematoxylin and eosin for microscopic evaluation.
Intracellular cytokine staining and ELISPOT
Intracellular interferon-γ (IFNγ) staining of ex vivo-cultured splenocytes was performed as described previously. 17 For ELISPOT analysis, splenocytes were cultured in 96-well plates in the presence of the CD8 OT-1 TCR reactive peptide, SIINFEKL and doxycycline, transferred to IFNγ-antibodycoated MultiScreen-IP 96-well Plates (Millipore, Darmstadt, Germany), and stained with a biotinilated anti-IFNγ antibody. Plates were analyzed by an EliScan ELISPOT reader (AELVIS, Hannover, Germany).
In vitro cytotoxicity and mixed leukocyte reaction test
In vitro cytotoxicity and the mixed leukocyte reaction assays were performed as described previously. 22 
Statistical analysis
The Kaplan-Meier product-limit method was used to calculate survival rates. Differences between the groups were determined using Log-rank statistics. In other cases, statistical analyses were performed by Mann-Whitney test or by Student's t-test (two-tailed). P valueso0.05 were considered to be significant and were designated by *, P values less than 0.01 were designated by **, P values less than 0.001 were designated by ***, and P values less than 0.0001 were designated by ****.
RESULTS
Large numbers of preTs containing a specific TCR transgene under the regulation of an inducible promoter are generated in vitro To generate a construct wherein transgene expression is controllable, we used a tetracycline-inducible (Tet-On) system within a self-inactivating lentiviral backbone. A MHC class I (MHC-I)restricted TCR specific for the OVA peptide SIINFEKL (OT-I TCR) was cloned into this vector and enhanced green fluorescent protein (eGFP) used as a reporter. The reverse tet-responsive transactivator variant M2 (rtTA-M2) and the human PGK promoter were removed for construct size reduction ( Figure 1a ) and rtTA-M2 knock-in mouse-derived LSK cells used for further experiments.
To generate TCR gene-engineered preTs, LSK cells were transduced and transferred to OP9-DL1 stromal cells to support preT development. EGFP-positive cells were enriched by a cell sorter (Figure 1b ). Over a period of 24 days, large numbers of preTs were generated in vitro (Figure 1c ; upper graph). During in vitro differentiation, a proliferative advantage of transgene-negative cells was observed such that eGFP-negative cells outproliferated eGFPpositive cells, requiring a second sorting step (Figure 1c ; lower graph). The majority of preTs at day 12 had a phenotype resembling double-negative (DN)-2 (CD4 neg /CD8 neg /CD44 pos / CD25 pos ) thymocytes, which further developed into a DN3 (CD4 neg /CD8 neg /CD44 neg /CD25 pos ) stage. Only a small number (less than 4%) of preTs expressed more mature T-cell markers (CD4 and/ or CD8) ( Figure 1d ). A preT product containing approximately 90% transgene-positive cells and displaying a DN2/DN3-like phenotype was used for further in vivo experiments ( Figure 1e ).
Co-transplanted preTs enhance T-cell reconstitution and are subject to negative selection in the thymus To investigate the in vivo kinetics of preTs after adoptive transfer, lethally irradiated B6 recipients received B6 TCDBM either with or without DsRed-derived preTs. After 2, 4 and 8 weeks, cellular immune recovery within the thymus and the spleen was assessed. As shown in Figure 2a , large numbers of thymocytes were derived from co-transplanted preT cell progenies 14 days after HCT. Numbers decreased over the following weeks. Progenies of preTs accumulated in the spleen reaching a peak 4 weeks post HCT. The majority of the preT-derived progeny in the periphery represented CD4 + and CD8 + T cells; however, a low number of γδT cells, NKT cells and B220 + B cells were identified as well (data not shown). Eight weeks post transfer, higher numbers of thymic DN1, DN2, DN3, double-positive, single-positive CD8 + , γδT-cells and CD11c + dendritic cells were found in preT cell recipients as compared with controls not receiving preTs (Figures 2b and c) . To assess the inducibility of the Tet-On system in vivo, TCRtransduced preTs were transferred to irradiated recipients and doxycycline was added on day 0. Three weeks later, the progenies of TCR gene-engineered preTs constituted~60% of peripheral blood CD8 + cells continuously decreasing to 20% by 4 weeks post HCT as the hematopoietic stem cells engrafted and differentiated in the thymus (Figure 2d ).
As most tumor-associated antigens represent self-antigens, forced expression of a TCR in preTs was expected to render them susceptible to thymic negative depletion. To assess the extent of preT depletion in a potentially auto-reactive setting, we transferred preTs derived from OT-I-transgenic mice to either irradiated Rip-OVA hi or wild-type recipients. Immunofluorescence studies of the thymus showed almost complete depletion of OT-I preTs in Rip-OVA hi recipients 2 weeks after transplantation. In mice not expressing the respective 'self-antigen', OT-I preTs matured into T cells exhibiting the TCR of interest (Figure 2e ). Corresponding results were observed in secondary lymphoid organs 28 days after transplantation ( Figure 2f ).
The progenies of TCR gene-manipulated preTs containing an inducible TCR of defined specificity are functional ex vivo As preTs are not yet expected to express a TCR during in vitro differentiation, the inducibility of the TCR gene was assessed first using Jurkat cells that express CD3 signaling machinery but not intact TCRs. As shown in Figure 3a , both TCR and eGFP expression could be repeatedly switched on and off. Maximal expression level of the TCR and the reporter gene was achieved after 4 days and reached baseline again 4 days after the inducing agent had been removed. To examine this kinetic profile in LSK-derived preTs, engineered hematopoietic stem cells were differentiated into preTs in vitro. During maturation, the eGFP signal could be switched on and off displaying an expression pattern similar to that observed in Jurkat cells. Importantly, 93% of these T cells expressed the introduced TCR after in vivo maturation (Figure 3b ).
To assess the functionality of the progenies of TCR-transduced preTs, irradiated B6 recipients received syngeneic TCDBM with either non-transduced or TCR-transduced preTs. One month after transplantation, splenocytes were harvested and stimulated with or without the cognate peptide SIINFEKL. Their ability to produce IFNγ was assessed in ELISPOT and intracellular IFNγ-production assays. Figures 3c and d show that the progenies of TCRtransduced preTs (GFP/CD8 positive) produce IFNγ upon antigenspecific stimulation. Most importantly, splenocytes harvested from recipients of gene-engineered preTs lysed C1498-OVA significantly better ex vivo than C1498 leukemia cells (Figure 3e ). Although the majority of TCR-transduced preTs was deleted in Rip-OVA hi recipients, a small fraction escaped negative deletion. Of note, in vitro stimulation followed by flow cytometric IFN-γ analysis showed that these cells indeed remain functional and produce IFN-γ upon SIINFEKL stimulation (Supplementary Figure S1 ).
Co-transplantation of engineered preTs provide potent anti-leukemia effects upon TCR induction in vivo
One of the safety concerns of adoptive cell transfer studies for cancer is off-target or on-target off-tumor activity. Therefore, we investigated to what extent the removal of the inducing agent Doxycycline was added to the drinking water on day 0. Peripheral blood was monitored for transgene-positive CD8 + T cells by flow cytometry 21 and 28 days later (n = 3). (e) Lethally irradiated wild-type B6 and Rip-OVA hi mice received 3 × 10 6 syngeneic TCDBM cells together with 8 × 10 6 OT-I-derived preTs. Two weeks after transplantation, thymi were harvested and stained using 4',6-diamidino-2-phenylindole (DAPI) and fluorochrome-labeled antibodies against Vα2 (allophycocyanin, APC) and Vβ5 (phycoerythrin, PE). Photomicrographs were generated by a Zeiss Axio Imager-2 microscope and analyzed by AxioVision 4.8 software. (f) Spleens of remaining mice were harvested 1 month later and analyzed by flow cytometry for the extent of thymic negative selection if the leukemia-associated antigen represents a self-antigen. Events shown in the upper row are gated on splenic CD8 + T cells whereas gating was done on CD4 + cells in the lower row. The right column depicts results that were derived from mice expressing the leukemia-associated antigen as a self-antigen (Rip-OVA mice), recipients represented by the left column do not express the antigen of interest on their tissues (wild-type B6 mice).
could switch off transgene expression in vivo. Irradiated recipients of TCDBM were co-transplanted with TCR-transduced preTs and induced immediately after transplantation. On day 17, doxycycline was discontinued and peripheral blood monitored by flow cytometry for two consecutive days. Twenty-four hours after doxycycline had been stopped, the percentage of exogenous TCR-bearing T cells declined and reached the background level 50 h later (Figures 4a and b ). Next, we explored whether the progenies of co-transplanted preTs could protect transplanted recipients from a lethal leukemia challenge. TCDBM-transplanted B6 mice received OT-I-derived transgenic preTs. Twenty-eight days later, recipients were challenged with C1498-OVA leukemia cells and followed for survival. Co-transplantation of as few as 25 × 10 4 OT-I-transgenic preTs significantly improved survival (Supplementary Figure S2) . We then investigated whether the transfer of TCR gene-engineered syngeneic preTs would also enhance survival. Transplant recipients of syngeneic TCDBM received either 8 × 10 6 non-transduced or TCRtransduced preTs and were challenged with C1498-OVA 28 days later. As shown in Figure 4c , co-transfer of TCR gene-transduced preTs significantly improved survival over non-transduced preTs. Even when leukemia cells were given subcutaneously 1 day prior to transplantation, significant anti-leukemia effects were achieved as determined by weight of the subcutaneous tumor inocula ( Figure 4e ). Having observed the anti-leukemia effect of syngeneic preTs, we set to apply completely MHC-mismatched preTs as a potential readily available 'off the shelf product'. Co-transfer of allogeneic TCR-engineered preTs (B10.A (H2 a )) with B6 TCDBM and doxycycline improved survival significantly, however, results were inferior to those after syngeneic preT transfer achieving only~40% long-term survival at day 90 as contrasted to 0% in recipients given the same cells but without doxycycline (Figure 4d ). Importantly, preTs of completely MHC-mismatched donors did not evoke GVHD.
In other studies, B10.A-derived preTs were co-transplanted into B6 recipients of BALB/c-derived TCDBM, which were then followed for the development of clinical signs of GVHD and/or signs of autoimmunity ( Figure 4f ). Whereas positive controls developed severe GVHD, no clinical GVHD (by weight loss and clinical score) was observed in preT recipients (Supplementary Figure S3 ). Colon sections in recipients of B10.A preTs but not B10.A splenocytes lacked typical morphologic features associated with GVHD such as extended lymphocyte infiltration and destruction of the colon crypt structure supported these findings (Figure 4f , right slide).
TCR gene-engineered preTs confer long-term anti-leukemia protection in vivo by memory cell formation To assess preT-mediated long-term immunity against leukemic cells, we challenged leukemia-surviving mice with a second dose (a and b) B6 recipients received 3 × 10 6 TCDBM together with 8 × 10 6 engineered preTs and early doxycycline. Peripheral blood was analyzed by flow cytometry 17 days later and doxycycline discontinued for one group. Peripheral blood was assessed on day 18 and 19 for GFP and the co-expression of Vα2/Vβ5. Doxycycline was re-administered on day 20 and blood was assessed on day 24. n = 3 or 4 per group. (c) B6 mice received 3 × 10 6 syngeneic TCDBM cells and either 8 × 10 6 non-transduced or engineered preTs. Doxycycline was given starting the day of transplantation. One month later, 1.2 × 10 6 C1498-OVA leukemia cells were intravenously injected. Controls received non-transduced preTs. n = 10 to 15 per group. NS, not significant. (d) B6 recipients received 3 × 10 6 syngeneic TCDBM cells and 8 × 10 6 TCR gene-transduced B10.A-Rosa-derived preTs. Doxycycline was given to one group only. C1498-OVA leukemia cells (1.2 × 10 6 ) were injected intravenously 28 days later. (e) Here, 1 × 10 6 C1498-OVA were given subcutaneously to one flank and 1 × 10 6 C1498 to the contralateral flank of mice 1 day after lethal irradiation. One day later, 3 × 10 6 syngeneic TCDBM cells were given either without adding preTs (BM-Only) or after enrichment with 8 × 10 6 engineered preTs (TCR-GFP). Developing leukemia nodules were harvested 17 days later and consecutively weighted. (f) B6 mice received 15 × 10 6 BALB/ c-derived allogeneic BM together with either 8 × 10 6 B10.A-derived preTs or 8 × 10 6 B10.A splenocytes serving as positive controls. Representative histology sections of colon slides are shown. White arrowheads point at lymphocyte infiltrations and the typical colon crypt destruction of acute GVHD. Photomicrographs were generated by a Zeiss Axio Imager-2 microscope and were analyzed by AxioVision 4.8 software.
of leukemia cells. Almost two-third of the animals survived a second leukemia challenge (Supplementary Figure S4) . One hundred days after the second challenge, we asked whether the survivors could stand against this third round of leukemia. Strikingly, about 40% of these mice survived this third challenge (Supplementary Figure S4) .
In a different cohort of mice surviving a primary and secondary challenge of C1498-OVA cells, studies were performed to assess preT cell progeny in secondary lymphoid organs. As shown in Figure 5a , 70% of primary C1498-OVA survivors were alive after a second challenge. The secondary lymphoid organs of surviving mice killed after 100 days of rechallenge were analyzed for preT progeny that had been co-transplanted 7 months previously. As depicted in Figures 5 a and b , a tiny fraction of splenocytes did stem from the transferred preTs and approximately half expressed the introduced TCR. Analysis of T-cell memory marker expression 3 months after the second leukemia challenge revealed that almost all of these splenic preT progenies were either of effector memory (CD8 + GFP + CD44 + CD62L − ) or central memory (CD8 + GFP + CD44 + CD62L + ) phenotype (Figure 5c ). The expression of memory markers such as CD127, CXCR3, Sca1 and CCR7 was significantly more prominent on preT progeny than on the remaining CD8 + splenocytes (Figures 5c and d) . Importantly, the exhaustion marker PD1 was not upregulated on the progenies of TCR-engineered preTs (Figure 5d ).
Early transgene expression in engineered preTs is required for their in vivo survival and directs final differentiation towards CD8 T cells
To further assess the impact of genetic engineering on in vivo fate of preTs, we exploited the Tet-On system for timely controllable transgene expression. TCDBM-transplanted B6 mice received TCR gene-manipulated preTs. In one group, doxycycline was added from the day of transplantation whereas the controls did not receive doxycycline. Spleens were harvested 1 month after transplantation, exposed to doxycycline ex vivo, phenotypically analyzed by flow cytometry and functionally tested. More than 80% of the progenies of preTs had differentiated into CD8 + T cells in the presence of doxycycline, whereas 2% only became CD4 + T cells. In contrast, when doxycycline was not administered in vivo, preTs had a higher propensity towards CD4 T-cell lineage commitment (Figures 6a and b ). Further analysis of the thymus 14 days later revealed that high expression of the introduced TCR forced CD8 lineage commitment whereas low transgene expression favored CD4 development by failing to express the TCR of Figure S5) . These observations are in line with the instructive model of T-cell lineage commitment wherein MHC-I-restricted TCR expression at the double-positive stage instructs downregulation of CD4 and commitment towards CD8 development. Vice versa MHC-II-restriction is reported to drive CD4 commitment and to suppress CD8 development. 23 Timely controlled transgene expression showed that early in vivo induction of the introduced TCR led to a 30-fold increase of preT-derived CD8 + T cells that expressed the introduced TCR (Figure 6c) . When comparing the IFNγ-producing capacity of GFP + /CD8 + T cells in both groups (for with versus without in vivo doxycycline) upon SIINFEKL stimulation, we observed, that the fraction of IFNγ-releasing cells was up to 2.5-fold higher when TCR expression was induced during thymic maturation (Figure 6d ).
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Collectively, these data support the necessity of TCR expression for successful positive selection.
To assess the role of negative selection for an inducible TCR against a potential self-antigen in an autoreactive thymic environment, we sought to keep the TCR in an off state thereby avoiding negative selection and then inducing its expression after thymus emigration. Irradiated RipOVA hi mice received B6 TCDBM cells together with TCR gene-transduced preTs. In one group, mice received doxycycline early after transplantation, whereas in the other group, recipients received doxycycline starting day 22. Splenocytes were harvested at day 26 and analyzed by flow cytometry. Unexpectedly, delayed TCR induction led to a fourfold reduction of antigen-specific CD8 + cells (Figure 7a ). Hypothesizing that an overwhelming presence of antigen might lead to early Figure 6 . Early transgene expression in engineered preTs is required for their in vivo survival and directs final differentiation towards CD8 T cells. (a-e) Lethally irradiated B6 mice received 3 × 10 6 syngeneic TCDBM cells together with either 8 × 10 6 non-transduced or model TCR gene-transduced preTs. For one group, doxycycline was added early starting the day of transplantation whereas the second group did not receive any doxycycline. One month after transplantation, splenocytes were harvested and cultured ex vivo for four more days in the presence of doxycycline. (b and c) Expression of CD4 and CD8 T-cell markers were assessed on T-cell progenies of precursor preTs. (d) The ability for intracellular IFNγ generation was assessed upon stimulation with SIINFEKL. (e) Expression levels of a broad range of TCR Vβ families (other than Vβ5) on eGFP + progenies of preTs were quantified by flow cytometry. (f) One month after transplantation, splenocytes were harvested and cultured ex vivo in the presence of doxycycline. After 4 days of culture, 10 5 GFP + CD3 + cells were sorted and analyzed by complete TCR Vβ spectratyping as described previously. 17 (a) In one group, recipients received doxycycline from day 10 of transplantation (early in vivo induction), whereas in a second group, doxycycline was given 22 days later (late in vivo induction). Spleens were harvested and assessed for functional preT-derived mature T cells on day 26 using flow cytometry. Panels are gated on CD8 + GFP + cells. (b, c) In one transplant group, mice were again induced early whereas the other group received no doxycycline at all (no in vivo induction). After 28 days, splenocytes were isolated, cultured for 4 days in the presence of doxycycline, and analyzed for TCR expression by flow cytometry (b). Additionally, IFNγ responsiveness upon stimulation with SIINFEKL was assessed (c). Panels are gated on CD8 + GFP + cells.
T-cell exhaustion in vivo, mice received the inducing agent from the day of transplantation, whereas controls did not receive doxycycline. Splenocytes were harvested from both groups at day 28, cultured for four days in the presence of doxycycline ex vivo, and consecutively analyzed. Again, a fourfold reduction of antigen-specific CD8 + T cells was observed in the non-induced group (Figure 7b) . These data were supported by functional assays showing that the percentage of IFNγ-producing progenies of engineered GFP + preTs upon stimulation with the cognate antigen was lower in non-induced as compared with induced recipients (Figure 7c) .
To further understand the functional consequences of induced TCR expression during thymic maturation, we evaluated the impact of the exogenously introduced TCR on the formation of the endogenous TCR repertoire. GFP + splenic progenies of engineered preTs were assessed for the presence of a broad spectrum of TCR Vβ families 1 month after transplantation both by FACS analysis on the protein level and by spectratyping analysis on the mRNA level (Figures 6e and f, and Supplementary Figure S6 ). On the protein level, we observed a profound reduction of all tested endogenous TCR Vβ chains in comparison with those in the doxycycline-negative group. The latter was almost comparable with progenies of non-transduced preTs. Interestingly, this difference was far less pronounced on the mRNA level.
Collectively, these data underline the therapeutic relevance of the exogenous TCR expression on developing preTs even in a potentially autoreactive setting as its absence dramatically compromises their in vivo maturation.
Recipient-type MHC restriction of the introduced TCR is a prerequisite for the generation of mature leukemia-reactive T cells To estimate the relative contribution of negative versus positive selection in an adoptive transfer model with TCR-transduced preTs, we set to determine the role of MHC restriction of the introduced TCR to guide preTs through the positive thymic selection processes. Therefore, irradiated B6 or B10.A mice received B6 TCDBM cells together with B6-derived preTs engineered to express the model leukemia-reactive TCR and in vivo doxycycline beginning on the day of HCT. Flow cytometric analysis 1 month after transplantation showed that functional progenies of transferred preTs were reduced 21-fold in nonselecting B10.A as compared with positive-selecting B6 recipients ( Figure 8 ). These data help to acknowledge the dominant role of positive selection and its impact on preT therapies during thymic maturation.
DISCUSSION
The treatment of leukemia being refractory to conventional treatment remains challenging, and the risk of relapse is substantial especially for patients not transplanted in complete remission. Technologies providing potent anti-leukemic effects very early after transplantation without triggering GVHD could be highly advantageous for overcoming the propensity for relapse post HCT.
The central role of Notch signaling for T-cell development has been identified 24 over the last years and has initiated significant efforts to generate a therapeutically applicable cell product in vivo. 2, 3, 25 The OP9-DL1 system has shown its value for adoptive transfer of T-cell-committed preTs. Among the broad array of thymocyte-like cells produced in this system, the so-called DN2 cells are of particular use, as they seed the recipient's thymus early after co-transplantation in irradiated animals and consecutively give rise to a naïve but mature T-cell population of donor type in vivo. 4, 5 Although there are reports of co-transferring TCR geneengineered murine hematopoietic stem cells or induced pluripotent stem cells, [26] [27] [28] [29] based on our knowledge, this is the first study describing the adoptive transfer of TCR gene-modified preTs derived from murine HSCs and functionally assessing the role of a genetically engineered TCR during thymic maturation. We evaluated the concept of placing a TCR directed against a leukemia-associated antigen under the control of a drug-inducible promoter. 19 It proved to be a valuable tool by shedding light on thymic maturation processes mediated by an introduced TCR in both, self-reactive and non-self-reactive environments.
The immigration of preTs into the thymus is a gated process of individual thymic niches. 30, 31 In our hands, large numbers of thymocytes did stem from co-transplanted preTs 14 days after cotransplantation. Thymic content of co-transplanted preTs decreased thereafter and mature, predominately CD8 + /GFP + T cells appeared in the peripheral blood, lymph nodes and spleen. This CD8 predominance of developing TCR-engineered preTs is in line with the current understanding of the development of αβ T-cell lineage. It is at the double-positive stage that the association among the CD4 or CD8 co-receptor, αβ TCR specificity and function appears to be established. According to this understanding, cells expressing an αβ TCR that recognizes peptide in the context of the antigen-presentation molecule class I MHC are positively selected, downregulate the expression of CD4 and activate the gene program specific to a CD8 cytotoxic T cell. Conversely, class II MHC recognition will lead to suppression of CD8 development and activate the developmental CD4 program. 23 Challenging recipients of engineered preTs 28 days after cotransfer with a lethal dose of C1498-OVA rescued up to 70% of mice. Of note, the relative fast recovery of a leukemia-reactive T-cell response after transplantation addresses an important clinical concern regarding the direct application of TCR-gene modified hematopoietic stem cells whereby gene-specific T cells reached their peak expression after 4-6 months. 32 When the cell dose of TCR-transgenic preTs required for significant leukemia protection was retrospectively compared with that of TCRtransduced mature T cells in a similar leukemia model as published earlier, a more-than 2-log smaller cell dose was needed. 33 This would have significant translational implications in regard of good manufacturing practices-compatible scale-up.
Several leukemia-associated antigens are self-antigens. Therefore, targeting them via adoptive transfer of TCR-transduced preTs would risk cell deletion through thymic negative selection. Hence, we aimed to control transgene expression during thymic maturation of TCR-transduced preTs to protect them from deletion in an autoreactive setting. For transgene expression control, we employed a tetracycline-inducible system whose architecture was significantly optimized by one of us. 19 The resulting reduction of 'leakiness' minimized high background activity of earlier versions 34 and allowed the expression of a tightly regulated therapeutic gene.
We then co-transplanted TCR-modified preTs in either doxycycline-exposed or doxycycline-negative RipOVA hi recipients, thereby modeling an autoreactive scenario. When the splenic progenies of preTs were quantified 1 month later, they were unexpectedly four times more frequent in the doxycyclinepositive group as compared with the doxycycline-negative recipients. These results highlight the importance of early TCR expression during thymic maturation even in an autoreactive setting. This is suggestive of positive selection playing a dominant role for developing preTs even overriding negative selection. To exclude possible interference with negative selection, similar experiments were performed using wild-type recipients wherein OVA is not expressed as a self-antigen. Strikingly, a 30-fold increase in antigen-specific progenies of preTs occurred upon early in vivo induction of the introduced TCR.
We now hypothesized that upon forced TCR expression, preTs would effectively pass positive selection whereas withholding TCR induction would channel developing preTs into rearrangement processes of the endogenous TCR repertoire. The latter is believed to be random allowing a final passage of about 5% only. 35 Positive selection requires MHC recognition in the thymus. We therefore tested our hypothesis by transferring TCR-transduced preTs (whereby the model leukemia-reactive TCR was H-2 b restricted) to either TCDBM-transplanted B6 (H-2 b ) or B10.A (H-2 a ) recipients. A 21-fold reduction of functional preT progenies in B10.A as compared with B6 recipients was found confirming the hypothesis. This recapitulates the importance of MHC restriction for efficient positive selection. The clinical relevance in the context of genetically TCR-engineered hematopoietic stem cells has recently been underlined in a humanized mouse model demonstrating that preTs expressing a TCR against an HLA-A*0201-resticted melanoma peptide produced higher numbers of mature genetically engineered CD8 + and CD4 + T cells if the thymic epithelium of the recipient was positive for human HLA-A*0201. 26 Decreasing thymic function either caused by age-dependent involution or direct damage by irradiation or chemotherapy has raised concerns regarding the effectiveness of adoptive preT transfer. Although it became evident, that the generation of new T cells in the human thymus continues throughout life, 36, 37 the quantitative capacity of new T-cell maturation is dependent upon a re-establishment of thymic structure. 38 Recent murine studies, however, have shown that in aged and even athymic HCTrecipients, extrathymic T-cell maturation can support T-cell development. 39 Additionally, new strategies are being employed to enhance thymic function by intrathymic injection of cellular and pharmaceutical products. 40 Figure 8 . Recipient-type MHC restriction of the introduced TCR is a prerequisite for the generation of mature leukemia-reactive T cells. (a, b) Lethally irradiated B6 or B10.A mice received 3 × 10 6 or 15 × 10 6 B6 TCDBM cells together with 8 × 10 6 model TCR gene-transduced preTs. All recipients received doxycycline from the day of transplantation. After 1 month, splenocytes were isolated either immediately analyzed by flow cytometry (a) or cultured for 4 more days in the presence of doxycycline ex vivo (b) before assessing the IFNγ responsiveness upon stimulation with SIINFEKL.
Despite of important advantages, the therapeutic use of receptor-engineered hematopoietic precursor cells remains a challenging field requiring a receptor to (i) be expressed during thymic maturation for positive selection, (ii) show restriction to the recipient's MHC molecules, and (iii) aim to recognize preferentially leukemia-specific antigens. Targeting tumor mutations such as fusion proteins, neo-non-self mutations and oncoviral antigens make this an attractive strategy, especially for leukemias and lymphomas. 7, 13, [41] [42] [43] [44] 
